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Abstract

dimensional electronic and optoelectronic devices.

We investigate the electric-field-dependent optical properties and electronic behaviors of GaS monolayer by using
the first-principles calculations. A reversal of the dipole transition from E//c to ELc anisotropy is found with a critical
external electric field of about 5 V/nm. Decomposed projected band contributions exhibit asymmetric electronic
structures in Ga$ interlayers under the external electric field, which explains the evolution of the absorption preference.
Spatial distribution of the partial charge and charge density difference reveal that the strikingly reversed optical anisotropy
in GaS ML is closely linked to the additional crystal field originated from the external electric field. These results pave the
way for experimental research and provide a new perspective for the application of the monolayer GaS-based two-

Background

As a typical two-dimensional (2D) material, graphene
has rather unique and exceptional properties [1], which
enables its superior performance in transistors and as
electrochemical electrodes [2]. Nevertheless, for use in
nanoelectronic devices, the lack of intrinsic band gap [3]
essentially restricts its application in the traditional emit-
ting devices. Even though with surface functionalization
and external electric or strain field, very small band gap
can be achieved [4-7]. In this context, the search of
other 2D materials that may offer new opportunities for
specific properties and applications is both of fundamen-
tal interest and technological significance.

Recently, a stable class of 2D metal dichalcogenide
(MD) materials, GaX (X =S, Se), has attracted much at-
tention due to their exotic physical and chemical proper-
ties, with great promise for applications in fields such as
solar energy conversion and optoelectronics [8-—11].
Layer GaX is constructed by four-atom planes covalently
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bonded in the sequence of X-Ga-Ga-X with a D3}, sym-
metry. Advanced applications often require materials
with tunable and reversible electronic properties which
can be deliberately modulated by external control pa-
rameters. Strain engineering has been identified as one
of the promising routes to tune the electronic behavior
and the electron energy low-loss spectra of GaS mono-
layer (ML) and other 2D materials [12]. As an alterna-
tive, an applied electric field or light offers a novel way
to modify the electronic properties over a wide range
[13, 14]. For example, a strong electric field perpendicu-
lar to the plane of bilayer graphene can induce a signifi-
cant band gap [15, 16], and the bandgap can also be
modulated for BN with two or more layers [17]. How-
ever, the effects of the external electric field on the elec-
tronic structures of 2D GaS ML are still unclear. In
addition, an intrinsic large negative crystal field which
exists in GaS ML results in an optical anisotropy that
the absorption coefficient for Elc is about 10> cm™Y, a
factor of 30 smaller than for E//c [18]. For optic mate-
rials, light emission polarization is closely related to the
near band-edge transitions, occurring between the bot-
tom of the conduction band and the top of the valence
band. By employing an external electric field, the band
structure and thus the optical properties of GaS ML can

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made.


http://crossmark.crossref.org/dialog/?doi=10.1186/s11671-017-2181-y&domain=pdf
mailto:ypwu@xmu.edu.cn
mailto:zmwu@xmu.edu.cn
mailto:jykang@xmu.edu.cn
http://creativecommons.org/licenses/by/4.0/

Guo et al. Nanoscale Research Letters (2017) 12:409

be conveniently modulated to meet the multiple de-
mands of device applications.

To address this issue, we perform a theoretical predic-
tion on the modulation of optical and electronic anisot-
ropy on GaS ML. Optical absorption spectra for both
Elc and E//c directions are calculated under various ex-
ternal electric fields. Band structure and orbit contribu-
tions are analyzed to explain the dependence of the
dipole transition on the external electric field. Spatial
distribution of the partial charge and charge density dif-
ference are further simulated, which show the interlayer
coupling and asymmetry electronic structure induced by
the vertical external electric field, and reveal the physical
mechanism for the modulation of the optical and elec-
tronic anisotropy of GaS ML. The present results are
beneficial to supply the theoretical guidance on the tun-
able electronic and optoelectronic devices based on 2D
GaS material.

Methods

We perform the density functional theory (DFT) calcula-
tions with the Vienna Ab-initio Simulation Package
(VASP) code [19], using the projector-augmented wave
pseudopotential method [20]. Exchange and correlation
effects are treated by Perdew—Burke—Ernzerhof (PBE)
generalized gradient approximation (GGA) [21]. Heyd-
Scuseria-Ernzerhof (HSE) hybrid functional is used to pro-
vide quantitative estimates of the band gap [22]. A slab
model of the GaS consisting of four atom layers in the
order S-Ga-Ga-S is employed, and a 15-A vacuum layer
along the z direction are adopted to eliminate the interac-
tions between the slabs. The Brillouin zone is sampled
according to Monkhorst—Pack method [23]. A 27 x 27 x 1
k-point mesh is used to relax the single-layer Ga$S, and a
cutoff energy of 450 eV is taken for expanding the wave
functions into a plane-wave basis. The convergence for
energy is chosen as 107 eV between two steps and the
maximum Hellmann-Feyman force acting on each atom is
less than 0.01 eV/A upon ionic relaxation. Gaussian
smearing is used to address how the partial occupancies
are set for each wave function, and the width of smearing
is 0.1 eV. The imaginary part of the dielectric function due
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to direction interband transitions is obtained using the
Fermi golden rule [24]. During the calculation, the spin-
orbit coupling (SOC) splitting is neglected due to its tiny
effects on electronic and optical properties.

Results and Discussion

Fully relaxed geometric configuration of GaS ML is shown
in Fig. 1a, b. Monolayer thickness is calculated to be
4.66 A, while the planar projection exhibits an ideal hex-
agonal honeycomb structure, similar to that of graphene.
The lattice constant a is 3.64 A, which is slightly larger
than that of bulk material due to the lack of interlayer
interaction [25]. The bond lengths of S—Ga and Ga-Ga
are 2.37 and 2.48 A, respectively, and the S—Ga-S angle
between the nearest-neighbor S atoms are about 100.34°,
which quite agree with the previous studies [12]. For con-
venience, the upper and lower interlayer atoms are labeled
as YP(Y = Ga, S) and YP(Y = Ga, S), respectively.

With the aim of modulating the optical properties of
GaS ML, the optical absorption spectra with different
external electric fields are calculated. The direction of
applied electric field is along +z direction. As shown in
Fig. 2, the absorption behaviors of extraordinary light
(TM light; E//c) and ordinary light (TE light; Eic) are
quite different, revealing the optical anisotropy in GaS
ML. The absorption edge of TM and TE light are labeled
by a red and green dash line, respectively. In the absence
of an external electric field, the energy difference of ab-
sorption edge between TM light and TE light is approxi-
mately 0.55 eV (see Fig. 2a). As the external electric field
is applied, both the absorption edges shift to the lower
energy, and the energy difference of absorption edge de-
creases. A reversal of the dipole transition from E//c to
El1c anisotropy occurs at a critical external electric field
of about 5 V/nm. Note that the absorption edge of TE
light is even lower than that of TM light as the electric
field further increases to 8 V/nm. These results indicate
that the optical anisotropy in GaS ML can be modulated
by vertical external electric field.

To gain an insight into the effects of external electric
field on the optical anisotropy in GaS ML, the band
structures without and with difference external electric
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Fig. 1 a Top and b side views of the atomic configuration of GaS ML. The big green and small yellow spheres represent Ga and S atoms, respectively,
and the upper and lower interlayer atoms are labeled as Y(Y = Ga, S) and Y2, respectively
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Fig. 2 The calculated optical absorption spectra of the GaS ML a without an external electric field and b-d with an external electric field of 4, 5,
and 8 V/nm, respectively. The absorption edge is labeled. Red and green lines represent TM and TE light, respectively

fields are simulated. As shown in Fig. 3a, the conduction and a further decrease of the energy band gap. The
band minimum (CBM) of GaS ML is situated at I point,  stronger external electric field leads to the larger differ-
while the valence band maximum (VBM) locates at the ence between the two interlayers, and thus the larger
position between I' and K points, indicating an indirect  band splitting and smaller bandgap.

bandgap. The DFT and the hybrid method calculated To reveal the evolution mechanism of the optical an-
bandgap is 2.35 and 3.46 eV, respectively, which are in  isotropy of GaS ML, the decomposed projected band
agreement with the previous results [12, 26]. Interest- structures with and without an electric field are further
ingly, in the presence of the external electric field E, as  calculated, as shown in Fig. 4. For the original GaS ML
shown in Fig. 3b—d, the VBM switches to I' point when  without the electric field, the CBM and VBM are mainly
E is beyond a critical value (about 5 V/nm), while the contributed by the hybridized s and p, states of Ga
CBM still locates at the I' point. This indicates an indir- atoms and the p, states of S atoms, respectively, while
ect to direct bandgap transition in GaS ML under the the following four valence bands below the VBM are
external electric field. In addition, as shown in Fig. 3e, mainly composed of the in-plane p, + p, stats of S atoms.
the energy gap decreases monotonically with the in-  When an external electric field of 8 V/nm is applied, the
crease of the external electric field. The bandgap modifi- upper and lower Ga-S layers exhibit asymmetrical con-
cation arises from the well-known Stark effect, which tribution to the band structure. The CBM is mainly oc-
has been observed in the previous studies on #-BN [27]  cupied by both the s and p, orbital components of the
and MoS, [28]. When an external electric field is ap-  upper Ga®™S™ layer but only the p, states of the lower
plied, there is a potential difference between the two in-  Ga®”S® layer. Compared with that of the interlayer
terlayers (see Fig. 1b), which can be described as /=  coupling states in the conduction band, the in-plane
~dE’e, where d is the interlayer distance, and E is the states in the valence band are even more sensitive to the
screened electric field. The external electric field elevates  vertical external electric field. It is found that the p, + py
the potential of the lower interlayer and reduces that of  states of the upper Ga®”’S™ and lower Ga®$® layers
the upper interlayer, resulting in a lifting of the VBM  possess separate lower and higher energies, respectively,
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Fig. 3 Band structure of GaS ML a without an external electric field and b—-d with an external electric field of 4, 5, and 8 V//nm, respectively. The
dashed lines indicate the Fermi levels, which are set to zero. e Variation of the energy gap with the external electric field for GaS ML
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interlayer of GaS with an external electric field of 8 \//nm, respectively
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Fig. 4 The decomposed projected band structure of the GaS ML. The top panel represent the s (a), px + py (b) , and p, (c) orbits without an
external electric field; the middle and last panels present the contributions of s (d, @), px+py (e, h), and p, (f, i) orbits from the upper and lower

and the energy difference at I' point is about 3.05 eV.
This indicates that the external electric field induces
asymmetric electronic structures in Ga$S interlayers. The
uplifted p, + py, states of the lower GaW's™ layer surpass
the p, states of the S atoms and become the uppermost
valence band, leading to a replacement of the VBM,
from the original point between I' and K to the I' point.
This change of the VBM results in the evolution of the
dipole transition from E//c to ELlc preference, which ex-
plains the above prediction that the absorption of Elc is
gradually increased with the vertical external electric
field and exceed that of E//c at a critical external electric
field of about 5 V/nm.

Spatial distribution of the partial charge at CBM and
VBM of GaS ML is further calculated without and with an
external electric field of 8 V/nm, as shown in Fig. 5a, b, re-
spectively. The CBM of both cases have a s-type state
character that is tightly localized around the S atoms
in a spherical shape. While at lower electric fields
(0~5 V/nm), the VBM is only from a p, state distribut-
ing as a dumbbell shape parallel to the z direction. As
the external electric field is increased to the critical
value and larger, the VBM is derived from the mixture
of p, and p, components, exhibiting another dumbbell
shape perpendicular to the z direction. Based on the
VB ordering, parity selection rules come into play.
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Fig. 5 Partial density of states of the CBM and VBM of GaS ML without (a) and with (b) an external electric field of 8 V/nm, respectively. Spatial
charge density difference and the vertical section along (1-100) plane of GaS ML without (c) and with (d) an external electric field of 8 V/nm,
respectively. The positive and negative density (contours) are, respectively, shown with yellow (solid lines) and blue (dashed lines) colors, and the

Interband transitions under xy polarization are only
allowed for the states with the same parity, whereas
those under z-polarization are uniquely for states with
opposite parities. Therefore, with an external electric
field from O to 5 V/nm, the lowest transition CBM-
VBM in GaS are only available for the TM-polarized
light (E//c), while as the external electric field is larger
than 5 V/nm, the lowest transition CBM-VBM tunes
to be available for the TE-polarized light (ELc) only.
This phenomenon pronounces a modulation of the
electronic and optical anisotropy under a vertical elec-
tric field. The origin of the opposite optical anisotropy
can be traced back to the additional crystal field in-
duced by the electric field, as evidenced by the charge
density difference plotted in Fig. 5¢, d. Without the ex-
ternal electric field, electrons are observed to accumu-
late in the Ga-S and Ga—Ga binding regions, forming
ionic bonds and covalent bonds, respectively. When
applying an external electric field, more and more elec-
trons tend to accumulate around the S atoms, while
less and less electrons distribute between the upper
and lower Ga atoms. This means that the external elec-
tric field reduces the interaction between the upper
and lower interlayers in GaS and enhances the inter-
action between S and Ga atoms within each interlayer;
as a result, an electron transport channel is created
above the electric field of 5 V/nm, such as 8 V/nm in
Fig. 5d. The above analysis indicates that the strikingly
reversed optical anisotropy in GaS ML is closely linked
to the additional asymmetric crystal field originated
from the external electric field applied.

Conclusions

In summary, based on the first-principles DFT simula-
tions, we investigate the electric-field-dependent optical
properties and electronic behaviors of GaS ML. Optical
absorption spectra for both Elc and E//c directions are
calculated under various external electric fields. A rever-
sal of the dipole transition from E//c to Elc anisotropy
is found with a critical external electric field of about
5 V/nm. The band structure calculations indicate a re-
duction of the band gap and a transition from indirect
to direct bandgap in GaS ML with an increasing external
vertical electric field. Decomposed projected band con-
tributions exhibit the asymmetric electronic structures
in GaS interlayers under the external electric field, which
explains the evolution of the absorption preference.
Spatial distribution of the partial charge and charge
density difference suggest that the strikingly reversed op-
tical anisotropy in GaS ML is closely linked to the add-
itional crystal field which originated from the external
electric field. These results not only reveal the modula-
tion of the electronic structures and optical properties of
GaS ML by the external electric field but also provide
some references to its future application in 2D electronic
and optoelectronic devices.
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